Abstract: Deep eutectic solvents (DESs) exhibit numerous advantages over conventional ones used in several chemical and biochemical processes. Besides addressing most of the principles of green chemistry, DESs can also act as catalyst depending on their nature. The use of DESs as acid catalyst has several advantages such as utilization at stoichiometric amount, non-toxicity, possibility of the recovery, similar or higher catalytic effect than the acid itself alone, the recyclability and reusability without a significant loss of activity. In this mini-review, the state-of-the-art in the use of DESs as catalyst is presented. The DESs, which show Lewis type acidity, Brønsted type acidity and other types of catalytic influence in various types of reactions including esterification, organic synthesis, glycolysis and depolymerisation are presented and their roles in the reactions are discussed.
Introduction
Let F denote a eld and let V denote a vector space over F with nite positive dimen pair A, Aof organic solvents are demonstrated to a large extent. Therefore, the search and use of alternative solvents, which possess less or no health issues and are also eco-friendly, have attracted a growing interest. Water, supercritical carbon dioxide and ionic liquids (ILs) are specified as green solvents and the interest on employing them in processes is increasing with a great acceleration.
Deep eutectic solvents (DESs) are a class of ionic liquids and recently popular particularly in metal processing applications such as metal electrodeposition, metal electropolishing and metal extraction as well as in synthetic applications such as biotransformation, purifying and manufacturing biodiesel [1] . Extraction of bioactive compounds [2] , extraction and separation of target analytes [3] , liquid-liquid extraction [4] , synthesis of noble metal nanomaterials [5] and CO 2 absorption [6] are the mostly known other applications of DESs. On the other hand, the use of DESs as catalyst in various organic reactions have also been reported [7] [8] [9] [10] [11] [12] [13] and this field of application of DESs appears to attain more importance in manufacturing industry in future.
In this mini-review, we highlight the application of DESs as acid catalysts in different types of reactions. Accordingly, it is obvious that DESs, especially acidic characterized types, have been successfully used in a broad range of reactions. Although there are numerous reports that show the catalytic effect of DESs, there are only a few reports that focus on the mechanism of the catalytic effect. Mostly hydrogen bonding between the reactants and DES components is proposed to be effective for the catalytic effect. On the other hand, the acidic character is also reported to facilitate the breakage of the required bonds. Additionally, the recyclability of DES was possible for most of the studies offering up to four to five times reuse of the catalyst. For most of the reactions DES is used both as a solvent and a catalyst providing homogeneous media. The review is organized according to the acid character of DESs. Lewis type acidity, Brønsted type acidity and other types of catalytic influence of DESs are considered and the role of DESs as catalyst in reactions is discussed.
Deep eutectic solvents
DESs are a category of ionic liquids and possess many of the characteristics and physical properties of ILs. Ionic liquids can be defined as salts that have lower melting point below the ambient temperature. They are composed of at least one ion possessing a delocalized charge and one organic substance. Design of the composition of an IL provides it to have a target-specific character [14] . Although ILs have several advantages over conventional solvents, the limitations in their industrial use arising mainly from their high cost and uncertainty in their toxicity have caused DESs to gain more interest in the last decades [15] .
Deep eutectic solvents differ from ILs due to their impressive properties such as low cost, easy preparation techniques, low volatility, biodegradability and nontoxicity. Their uses as alternative to bulk organic solvents in several applications such as extraction and electrochemistry have been studied with increasing attention by scientific community.
DESs are comprised from two or more components, which at least two of them have a hydrogen bonding capability; one hydrogen bond donor (HBD) and one hydrogen bond acceptor (HBA). Self-association of HBD and HBA provides a eutectic mixture whose melting point is lower than that of any of its constituents. Quaternary ammonium salts (QAS) are the first and the mostly used HBAs whereas several metal halides and organic compounds with hydrogen bonding functional groups can be used as HBDs in the synthesis of DESs (Table 1 ) [1] . They may also be defined as a eutectic mixture of Lewis or Brønsted acids and bases that contain various cationic and/or anionic molecules [1] .
Hydrogen bonding functional groups or species in DES composition provide the mixture a Lewis acidic or Brønsted acidic character. In Types I, II and IV DESs, the presence of metal salt such as ZnCl 2 gives DES a Lewis acidic character. On the other hand, in Type III DES, using a Brønsted acid acts as a proton donor such as di-and tri-carboxylic acids, provides the mixture Brønsted acidic character [16] .
Reactions catalysed by Lewis acid type DESs
Group 3-15 metal chlorides are called Lewis acids. Lewis acids are capable of activating the substrates that are electron-rich due to their electron deficiency. They are often preferred as catalysts in different organic reactions [17] . The presence of a metal as electron-pair acceptor in the composition of DES provides it Lewis acidic property. Although different metal salts are used in DES preparation, the DES containing choline chloride (ChCl) and ZnCl 2 is widespreadly used as Lewis acid catalyst as well as a reaction medium for several reactions such as Diels-Alder reactions [18] , Fischer indole annulation [19] , esterification of long chain carboxylic acid [20] , O-acetylation of cellulose and monosaccharides [21] and protection of carbonyls [22] . The following part summarizes the-state-of-the-art on the application of DESs as Lewis type catalyst in several reactions:
Azizi and Batebi [23] investigated ChCl-SnCl 2 (1:2 molar ratio) as Lewis acid type DES as catalyst for chemoselective ring opening of epoxides with aromatic amines, thiols, alcohols, azide and cyanide ( Figure 1 ). ChCl-SnCl 2 catalyzed almost all of the investigated reactions using a variety of commercially available epoxides with both aliphatic and aromatic thiols. Additionally, the use of DESs provided a visual monitoring of the reactions by becoming yellow and viscous as the reaction proceeded. The authors reported successful results also for direct ring opening reactions of various epoxides with aromatic amines (84-95% yield). Regeneration/recycling of DESs from the media provided extra advantage besides the mild conditions. ChCl-SnCl 2 could be used for four times providing 90% of yield at the last recycle.
The mostly used Lewis-acid type DES ChCl-ZnCl 2 was investigated for its performance as catalyst and solvent in the synthesis of primary amides from aldehydes and nitriles by Patil et al. [24] (Figure 2 ). Various aromatic, aliphatic and conjugated substrates were used and high product yields were obtained (89-94%). DES catalyzed reactions showed that nitriles having electron donating groups at ortho-para positions resulted in splendid yields while ortho-substituted groups' reactions required more time caused by steric hindrance. The stronger the electron withdrawing group, the highest the reaction time was. On the other hand, reusability of DES was examined on the synthesis of benzamide from benzaldehyde and three recycling was reported to be the maximum for DES performance. The authors reported that the use of DES in the reactions provided green and atom efficient synthesis by reducing waste and toxic material. Friedel-Crafts alkylation of electron-rich arenes was reported as another reaction type that DES acted as catalyst and solvent. Triarylmethanes (TRAMS) and diarylaalkanes (DIAAS) are extensively used as dye precursors and also intermediates in medicinal and material chemistry. Besides cross coupling, under catalyzation with metals or miscellaneous approaches, Friedel-Crafts alkylation and hydroxylation reaction of aldehydes are mainly used for the synthesis. Additionally, this procedure has many advantages such as high atom efficiency and non-toxic by-product, water. The catalysts that are generally used in these reactions are, Lewis acids, proton acids, ionic liquids, molecular iodine, or polystyrene-supported sulfonic acid. On the other hand, these procedures were reported to have many disadvantages such as unrecyclability of the catalyst, utilization of precious metals, high toxicity and air sensitivity of catalyst, long reaction times and the volatility of organic solvents [25] [26] [27] [28] . To overcome these problems, Wang et al. [29] investigated different DES types such as urea U-ZnCl 2 (3.5:1), Acetamide-ZnCl 2 (4:1), ethylene glycol (EG)-ZnCl 2 (4:4), tetramethylammonium chloride (MeNCl)-ZnCl 2 (1:2), ChCl-ZnCl 2 (1:2). According to the results, MeNCl-ZnCl 2 and ChCl-ZnCl 2 provided 72% and 94% yields while ZnCl 2 alone provided only 40% yield. Quaternary ammonium saltZnCl 2 DES showed good catalytic activity by generating C + and promoting the reaction. In the model reaction of 1,2,4-trimethoxybenzene and benzaldehyde, the highest TRAM (bis(2,4,5-trimethoxyphenyl)phenylmethane) yield was obtained as 94% by using ChCl-ZnCl 2 ( Figure 3 ). Additionally, a series of reactions were performed using 1,2,4-trimethoxybenzene with different aldehydes under the catalysis of ChCl-ZnCl 2 . The yields were between 65-94%. DES was reported to be used for 5 cycles in the range of 89-94% yield.
Tran et al. [30] used ChCl-ZnCl 2 as catalyst and green solvent in Friedel-Crafts acylation reactions. They reported high regio-and chemoselectivity in the reactions using acid anhydrides and ChCl-ZnCl 2 (1:3 molar ratio) as catalyst under microwave irradiation. Using anisole as model substrate, all acid anhydrides were found to provide ketone products having a majority of p-isomer (Figure 4 ). On the other hand, benzoic and propionic anhydride were reported to give highest yields. Additionally, when anisole and indole were utilized as substrates, indole derivatives were reported to be acylated in the 3-position without NH protection. According to the results, the disadvantages of moisture sensitive Lewis acids and also volatile organic solvents were overcome with the use of DESs and moreover high yields were reported with short reaction times. On the other hand, three new ketone products were reported to be synthesized under the catalyzation of DES. ChCl-ZnCl 2 (1:3) had many advantages such as low toxicity, low cost, easy handling and moreover could be reused up to 5 times conserving its catalytic activity.
Aromatic ketones are valuable precursors for the synthesis of agrochemicals, pharmaceuticals, fragrances and also dyes. These molecules are generally synthesized by Friedel-Crafts acylation using Lewis [30] for detailed reaction components and conditions. acids as catalysts [31] [32] [33] [34] [35] [36] . However, the need for the excess use of the catalyst, the unfeasible recovery process and the environmental problems have directed researchers to alternative methods. Among these methods, ILs have attracted interest and have been used successfully in a few studies [37, 38] . Nevertheless, some limitations of this method such as the toxicity of ILs, their high cost and the need for the high purity resulted in the search for another method. Nguyen and Tran [39] investigated the use of ChCl-ZnCl 2 as a Lewis acid character DES for the acylation of secondary alcohols, phenols and naphthols with acid anhydrides. They utilized DES both as a catalyst and green solvent in the reaction. They reported that Lewis acidity of ChCl-ZnCl 2 (1:3 molar ratio) was clearly robust for the promotion of acylation of sterically hindered secondary alcohols to yield acylated products. On the other hand, it was also stable to air and moisture. As a result, 96% of yield was achieved in the solvent-free propionylation of 1-phenylethanol with propionic anhydride at room temperature in 30 min of reaction time ( Figure 5 ). ChCl-ZnCl 2 (1:3) could be recycled many times and no significant sign of activity loss was detected.
Polyethylene terephthalate (PET) is extensively used in many fields such as disposable soft drink bottles, textile fibers, packaging and also films and tapes. Its consumption in the world has been reported to exceed 13 million tonnes [40] . Therefore, the recycling of PET polymer gains critical importance in terms of environmental safety [41] .
Wang et al. [29] reported the first example on the glycolysis of PET using DESs as catalyst. PET degradation was performed under the catalysis of urea-metal salt mixtures' DESs. The Lewis acid type DESs used were listed as; U-MnAc 2 ⋅4H 2 O (manganese acetate), U-ZnCl 2 , U-ZnAc 2 ⋅2H 2 O (zinc acetate) from 12:1 to 6:1 molar ratios. It was reported that reaction time was shortened significantly under mild reaction conditions and high selectivity of the monomer was achieved. The conversion of PET and selectivity of bis(hydroxyalkyl) teraphthalate (BHET) were reported as 100% and 83% under the optimized conditions at atmospheric pressure and at 170°C, respectively. The comparable result with the supercritical method was presented as an advantage of this method. The authors proposed that the anion of the metal salt had a great influence on the degradation rate. When Ac -was used as the anion, various cations of the metal salts greatly influenced the rate of degradation. However, when the cation of the metal salt was Zn +2 , the change of the anions had no effect on the PET degradation. The authors proposed a mechanism for the effect of DES as catalyst. The interaction between the substrates and the catalyst was formed by H-bonding and coordination bonding. In detail, H-bonds were between the following molecules: i) hydrogen atom of hydroxyl group that is present in ethylene glycol and oxygen atom of carbonyl group in urea, ii) hydrogen atom of amidogen group in urea, and oxygen atom of ester group of PET, iii) hydrogen atom of hydroxyl group in ethylene glycol and oxygen atom of ester group of PET, iv) hydrogen atom of amidogen group in urea and oxygen atom of hydroxyl group that is present in ethylene glycol. To summarize, the authors claimed that DESs could form more H-bonds between different molecules than ionic liquids and metal salts, thus, they mimic to have more catalytic active sites. In terms of the mechanism of the reaction, the H-bonds let the O-H bond of hydroxyl group in ethylene glycol get longer and therefore the electronegativity of the oxygen atoms increased causing the easier loss of the hydrogen atoms and increased nucleophilicity of the oxygen. This facilitated the attack of oxygen on the carbon of the ester group of PET. Additionally, the coordination bonds between Zn +2 and oxygen atom of PET increased the interaction of DES and substrate. All of these effects together resulted in the increased degradation rate of PET by DESs.
Lewis acid type DESs were also reported to be capable of initiating cationic mechanism polymerization. Maka et al. [17] described the curing process of epoxy resin using ChCl-ZnCl 2 (1:2) and ChCl-SnCl 2 (1:2) as DESs. They reported that homogeneous reaction media could be formed and catalytic activity increased when DESs were used as catalyst. It was proposed that there was a competition between activated chain end mechanism and activated monomer mechanism. Hydroxyl moieties of epoxy resin and ChCl molecules were reported to be engaged and also metal halides of DES were active at lower temperature ranges. On the other hand, SnCl 2 based DES was reported to be more efficient catalyst when compared to ZnCl 2 based DES. The authors concluded that mentioned DESs could also be used simultaneously as catalyst for polymerization of epoxy resin efficiently. Biomass derived materials are under research in many different fields to replace synthetic materials. For example, noble metal based electrocatalyst in electrochemical devices for critical oxygen reduction reaction (ORR) are searched for the replacement with low-cost, long-term stable and high activity materials [42] . Related to this, Mondal et al. [42] investigated the synthesis of Fe 3 O 4 /Fe doped graphene nanosheets from fresh seaweed biomass resource, Sargassum tenerrimum. They used Lewis acid type DES, ChCl-FeCl 3 as a template and also a catalyst in this reaction. Seaweed granules and DES were pyrolised at 700-900°C under 95% N 2 and 5% H 2 atmosphere. Synthesized graphene nanosheets had high surface area (220 m ). Additionally synthesized nanosheets were reported to have greater ORR activity when compared to conventional catalysts.
Another type of organic reaction that DESs were successfully used as catalysts is the esterification reaction. Esterification is one of the most crucial reactions whose products are mainly used in cosmetic and pharmaceutical industries. Nevertheless, the need for the use of liquid inorganic acids is a disadvantage in terms of corrosivity, reusability and harsh reaction conditions. Cao et al. [37] . All tested DESs were reported to show 100% selectivity to n-butyl acetate while the yield values were variable at a broad range. However, ChCl-CrCl 3 ⋅6H 2 O (1:2) and ChCl-FeCl 3 (1:2) provided high yield values as 93% and 64.5%, respectively. Especially, ChCl-CrCl 3 ⋅6H 2 O (1:2) was reported to be an efficient catalyst for the esterification formic acid and acetic acid with alcohols. Besides high activity, efficiency and selectivity of ChCl-CrCl 3 ⋅6H 2 O (1:2), easy preparation, low cost, low temperature and reusability were informed as advantages of the procedure.
Besides the use of DESs in reaction media in its free form, immobilized utilization strategies were also studied and performed efficiently in some reports. SBA-15, as a nanostructured mesoporous silica matrice, having large surface area, narrow pore size distribution is a good candidate for different organic reactions [43] [44] [45] [46] [47] [48] . Therefore, the adsorption or covalently bonding of organic functional groups at the surface of this material is presented in many studies [47, [49] [50] [51] . Azizi and Edrisi [52] reported a research on the immobilization of DES on this solid support using the advantages of the ease of preparation and low cost of DESs. They prepared a recyclable nanocomposite by impregnation of N-methyl pyrrolidonium-zinc chloride (HNMPClZnCl 2 ) (1:1 molar ratio) based deep eutectic solvent on mesoporous silica, SBA-15. The authors investigated three-component Mannich type reactions of aldehydes, ketones and amines as model reactions to synthesize β-amino ketones ( Figure 6 ). The aim was to overcome the disadvantages of the classic method; such as long reaction time, substrate limitations and side-reactions. As a result, the immobilization of DES onto a solid support was reported as an advantage for the downstream processes. 45-95% of yields were achieved when immobilized DESs were used as catalyst. On the other hand, efficient and green catalyst utilization, easy work up, simple preparation and also the reusability of the catalyst (at least four times) were the additional advantages reported.
In their other study, Azizi et al. [53] prepared the same catalyst and utilized for the N-formylation of a variety of amines that are valuable intermediates ( Figure 7 ). They reported that the catalyst was efficient for both primary, secondary and heterocyclic amines and could be recycled for many times without a significant loss of activity. On the other hand, overcoming many disadvantages such as harsh reaction conditions, high amount of expensive catalyst, tedious work-up, inert atmosphere were reported. The catalyst HNMPCl/ ZnCl 2 /SBA-15 showed higher activity than DES itself or mesoporous silica SBA-165 alone. The yield reached [53] for detailed reaction components and conditions. 97% for reaction between aniline and formic acid at the optimized conditions.
Reactions catalyzed by Brønsted acid type DESs
The Brønsted acidic site of DES can protonate a compound to give further reactions. The Brønsted acidity character of DES is mainly provided by sulfonic acids and organic acids presented in the composition of DES. p-Toluene sulfonic acid (pTSA) is a significant Brønsted acid catalyst and is successfully used in the reactions because of its strong acidity. On the other hand, the disadvantage of this catalyst is the deliquescent behaviour and the difficulty of the recovery. However, these disadvantages could be overcome by the formation of deep eutectic structure of pTSA with ChCl. Consequently, it shows good catalytic activity and moreover gains the advantages of recovery and reusability [54] .
De Santi et al. [55] reported that lately many of the esterification reactions are being related with green chemistry principles as the shift of organic solvents with new green media. Accordingly, they prepared a novel class of DESs without a halogen or metal atom that showed strong Brønsted acid characteristics. These DESs were prepared by quaternary ammonium salt possessing methanesulfonate as counterion, pTSA. The quaternary ammonium salts tested were trimethylcyclohexyl ammonium methanesulfonate (TCy-AMsO), trimethylbenzyl ammonium methanesulfonate (TBnAMsO), trimethyloctyl ammonium methanesulfonate (TOAMsO), and trimethylcyclohexyl ammonium p-toluenesulfonate (TCyATos). The molar ratio was kept as 1:1 for all DESs prepared. The model reaction was performed between lauric acid and methanol. 97% yield was obtained under the catalysis of DES where 16% yield was obtained when only pTSA was used. When different alcohols and acids were used, the reaction also proceeded (Figure 8 ). The advantages of the use of the DESs in the reaction medium were reported as the mild conditions, the facility of the recovery of the products, and the reusability of the reaction medium.
On the other hand, Taysun et al. [56] studied the use of Brønsted type DESs in the esterification of acetic acid with 2-ethyl hexanol. The authors investigated the catalytic activity of benzyl triethylammonium chloride (BTEAC) based DESs in this model reaction. They used BTEAC as hydrogen bond acceptor and pTSA, citric acid (CA) and oxalic acid (OA) as hydrogen bond donor and prepared the following DESs; BTEAC-pTSA (DESA) (1:4, 3:7, 2:3, 1:1, 3:2, 7:3 molar ratio), BTEAC-citric acid (DESB) (3:7, 2:3, 1:1, 3:2, 7:3 molar ratio), BTEAC-oxalic acid (DESC) (3:7, 2:3, 1:1, 3:2, 7:3 molar ratio). For 10 wt% of DES, alcohol:acid ratio (1:1) and 180 min of reaction time DESA provided highest conversions at different temperatures tested (353, 363 and 373 K). The authors claimed that this was due to the acidity of DESA, which was the highest. Additionally, the reaction time could be shortened with the use of DESA with high conversion values that was a great advantage on solid catalysts.
Hayyan et al. [57] investigated the use of DES on the biodiesel production. As known, biodiesel fuel can be prepared from oils and fats and can directly be used in diesel engine [58, 59] . Additionally, it is biodegradable and non-toxic, however, total cost needs to be decreased [60] . Hayyan et al. [57] presented a strategy to produce low grade crude palm oil based biodiesel by phosphonium based Brønsted DES. In the two stage process that they offered, palm oil was pretreated with allyltriphenylphosphonium bromidepTSA (1:3 molar ratio) in the presence of methanol to diminish free acid level. The step was performed in order to obtain an acceptable level of free acids for the alcaline transesterification reaction. DES was reported to be used 1-3.5 wt%. High yield and fatty acid methyl ester (FAME) conversion were acquired with a proportional increase of catalyst dosage and catalyst loading. The authors also offered a process plant layout for the pretreatment procedure for low grade crude palm oil (LGPCO) consisting of reactors for esterification and transesterification, and also evaporation unit to remove excess methanol, centrifugation for the recovery of catalyst and washing vessel. The optimum conditions were reported as, 1 wt% phosphonium based DES, 10:1 methanol:
LGPCO, 60°C and 30 min.
5-hydroxymethylfurfural (5HMF) is regarded as a versatile bio-based molecule that it may lead to diverse high value chemicals and biofuel molecules. Assanosi et al. [61] studied the conversion of fructose to 5-hydroxymethylfurfural (5HMF) using Brønsted acidic DES formed with ChCl and pTSA in different molar ratio values (1:0.5, 1:1, 1:1.5, 1:2) (Figure 9 ). The aim was to overcome the main drawback of the reaction that is high temperature, causing low yield of 5HMF due to the rehydration of the product. They claimed that DES played a HBD role and also catalyst role for the dehydration reaction. The highest 5HMF yield was obtained as 90.7% at 80°C in 1 h when 2.5 wt% feed ratio, and 1:1 molar DES mixing ratio were used. They reported that the use of DES in this reaction was a green, non-toxic and cheap process.
Similar to 5HMF, 5-ethoxymethylfurfural (5EMF) is regarded as a potential and viable biofuel. Having relatively high energy density, it has a good potential to be used as an additive to diesel and also gasoline [62] [63] [64] [65] . On the other hand, it is also used as flavouring agent in beer and wine [66] . Gawade and Yadaw [67] presented the use of DESs as catalyst in the synthesis of 5EMF, aiming to develop a new, cheap and green method (Figure 10 ). With this aim, they tested various Brønsted acid type DESs as; ChCl-oxalic acid, ChCl-malonic acid, ChCl-succinic acid, ChCl-malic acid, ChCl-tartaric acid and ChCl-itaconic acid of 1:1 molar ratio.
Having the strongest acidity; ChCl-oxalic acid provided the highest yield (73%) among DESs. On the other hand the reaction did not proceed in the absence of DES, proving the catalyst effect in the reaction. The increase of the ChCl-oxalic acid concentration was reported to increase the conversion; however, decreased the yield by causing the formation of a side product, ethyl levulinate (EL). On the other hand, the initial rate of the reaction was found to be proportional to the concentration of D-fructose. The optimum reaction temperature and time were reported as 343 K and 3 h, respectively. The reusability studies showed that DES catalysed the reaction for four times, each time having highly preserved initial activity.
The synthesis of chalcones that show significant pharmaceutical properties are under research in terms of green chemistry framework. With this aim, Tiecco et al. [68] prepared a DES using 3-(cyclohexyldimethylammonio) propane-1-sulfonate and (1S)-(+)-10-camphorsulfonic acid (SB3-Cy:CSA). They used this Brønsted acid type DES as a catalyst for carbon-carbon bond formation reaction through Claisen-Schmidt condensation and also as a reaction medium. Fourteen substituted chalcone molecules from benzaldehydes and substituted benzaldehydes and acetophenone and substituted acetophenones were successively synthesized (Figure 11 ). The CSA that is present in the DES as an acidic component provided catalyst effect on the reaction. The advantages of the DES utilization were reported as the excellent conversion and yield values and also the mild conditions of the reaction and reusability of DES. With the use of DES, harmful and toxic catalysts usage could be eliminated from the synthesis pathway.
Diarylmethanes and their derivatives synthesized by the Friedel-Crafts benzylation reaction of aromatic compounds have great importance due to the utilisation in pharmaceutical industry, dyes and perfumes [69, 70] . Generally aryl methanes and the derivatives are manufactured by using benzyl halide. However, due to the strong corrosivity of the by-product hydrogen halide; benzyl alcohol (BA) is preferred and investigated as an environmentally friendly alternative molecule. Nevertheless, there are also some disadvantages of BA such as the formation of by-product, low activity and difficulty in the separation of the products. To overcome these disadvantages, Yuan et al. [71] prepared a new Brønsted acid type DES, using ChCl and trifluoromethanesulfonic acid to be used as a catalyst. The new DES was reported to be more stable than trifluoromethanesulfonic acid and moreover had higher catalytic performance in the reaction of with benzyl alcohol. Another interesting property of the catalyst DES was to dissolve in the reaction medium providing homogeneous system and moreover, self-separation from the organic phase after the consumption of BA. This also facilitated the reusability of DES about six times without noticeable diminish in the activity.
Beyond the literature described above, some authors preferred comparing different types of DESs in several reactions. Some examples of these studies are summarized below that used Lewis-type, Brønsted type and organocatalyst type DESs.
Azizi et al. [72] used different types of DESs in Biginelli reaction that leaded the synthesis of polyfunctionalized dihydropyrimidinones (DHMPs) that have attractive antibacterial, antitumoral and anti-inflammatory properties [73, 74] . The disadvantage of the conventional methods were reported as harsh reaction conditions, low yield and long reaction times. Different DESs were tested (ChCl-SnCl 2 (1:2), ChCl-U (1:2), ChCl-ZnCl 2 (1:2), ChClZnCl 2 -SnCl 2 (1:1:1), ChCl-Gly (1:3)) in the model reaction of benzaldehyde, urea and ethyl acetoacetate. ChCl-SnCl 2 was found to provide the highest yield as 95% in 30 min. When it was used as a catalyst for the broad range of 1,3-dicarbonyl compounds such as ethylacetoacetate, methylacetoacetate, pentane-2,4-dione, ethyl 3-oxo-3-phenylpropanoate, 5,5-dimethyl-1,3-cyclohexanedione, 3-oxo-N-(2-chlorophenyl) butanamide, aromatic and aliphatic aldehydes and urea, high yield values (74-95%) and high reaction rates were reported ( Figure 12) . Besides, the authors reported that no side products were identified, additionally the desired products were at such a high purity that no further purification was needed after crystallization.
Bis(indolyl)alkane derivatives that are mainly present in different natural products have significant biological activities. The synthesis of these derivatives is performed at acidic conditions either using a protic acid or a Lewis acid with the reaction of indole and an aldehyde or a ketone. To present a greener route, Azizi and Manocheri [75] used ChCl-SnCl 2 (1:2), ChCl-U (1:2), ChCl-ZnCl 2 (1:2), ChCl-ZnCl 2 -SnCl 2 (1:1:1), ChCl-Gly (1:3), ChCl-SnCl 2 -H 2 O (1:2:3) and ChCl-SnCl 2 -polyethylene glycol (1:2:3) in the reaction as catalyst. The best results were obtained using ChCl-SnCl 2 . The amount of DESs were reported to affect the yield of the reaction and high temperature values were found to provide higher yield values by increasing the viscosity of the reaction mixture. Additionally 78-97% of yield could be achieved using both aromatic and heterocyclic aldehydes (Figure 13 ). On the other hand, aliphatic aldehydes and simple ketones were reported to give high yield bis(indolyl) methanes. The reusability of DES, simplicity of the synthesis route and the lack of a by-product were presented as the advantages of the study.
Azizi et al. [76] investigated the use of DESs as a catalyst and also solvent in the chemoselective synthesis of tetraketone and xanthene derivatives using Knoevenagel condensation and Michael addition reactions. The aim was to overcome the long reaction time, high cost and the sensitivity of the catalyst to moisture. Green solvents were selected among Lewis acid type, Brønsted acid type and other types of DESs as: ChCl-U (2:1), ChCl-malonic acid (1:1), ChCl-SnCl 2 (1:2), ChCl-ZnCl 2 (1:2), ChCl-SnCl 2 -ZnCl 2 (1:1:1), ChCl-LaCl 3 (1:2), ChCl-pTSA (1:1) and ChCl-Gly (1:2).
ChCl-U and ChCl-SnCl 2 were reported to provide higher yields of tetraketones when compared to other DESs ( Figure 14) . On the other hand, ChCl-ZnCl 2 and ChCl-malonic acid were reported to generate xanthene derivatives, selectively ( Figure 15 ). The authors claimed that independent of the type of the aldehyde used, (electron-rich, electron-poor, aromatic, heterocyclic and sterically encumbered aldehydes) the efficiency of the condensations were quite good. The authors reported that DESs could be efficiently used in the reactions as a catalyst presenting a green method. Jin et al. [77] studied the synthesis of aromatic ketones using Friedel-Crafts acylation reaction that is simple and has high selectivity and responsiveness ( Figure 16 ). They investigated both Brønsted and Lewis acid type DESs as an alternative to conventional methods to overcome the disadvantages such as high dosage, complexity of controlling and in terms of environmental problems. With this aim, they prepared benzyltrimethylammonium chloride (TMBAC)-ZnCl 2 (1.5:2 molar ratio), (TMBAC)-pTSA (1:1 molar ratio), triethylamine borane (TEAB)-pTSA (1:2), TMBACtrifluoromethanesulfonic acid (CF 3 SO 3 H) (1:1), ChClpTSA (1:1), ChCl-ZnCl 2 (1:2). They selected the reaction between 1,2,4-trimethoxybenzene and benzoyl chloride to yield 2,4,5-trimethoxybenzophenone to test traditional Lewis acid ZnCl 2 and mentioned DESs as catalysts. They reported that only (TMBAC)-ZnCl 2 (1.5:2) (34%) and ChCl-ZnCl 2 (1:2) (74%) were able to synthesize target molecules. As a general conclusion of DESs tested proton acid-type DESs ChCl-pTSA (1:1), (TMBAC)-pTSA (1:1), (TEAB)-pTSA (1:2) and TMBAC-CF 3 SO 3 H (1:1) had no catalytic activity while Lewis ZnCl 2 containing DESs could promote the reaction effectively.
In series of reactions they tested using different acylation reagents with 1,2,4-trimethoxybenzene, they reported the excellent reaction between the electron donating aromatics with acyl halides, under catalyzation of ChCl-ZnCl 2 (1:2). They proposed that ChCl-ZnCl 2 (1:2) as a catalyst formed an electrostatic mask ring-like body and Zn 2 Cl 5 -attacked carbonyl oxygen triggering electron transfer to break carbon-chloride bond resulting in free Cl -and cationic carbon intermediates. Then, for the formation of the target compound, the carbocation attacks aromatic arenes and generates carbon-carbon bonds. Meanwhile hydrogen and chloride combine and generate HCl. As a result, ChCl-ZnCl 2 was exhibited to be an effective catalyst under optimized conditions. Moreover, recovered catalyst could be used several times without significant loss of activity. Multicomponent reactions (MCRs) have been extensively searched as a substantial strategy for the synthesis of multiple bond formation reactions. However, synthesis media contain toxic solvents that are not favored. Lately, Lewis or Brønsted acid catalysts have been investigated as catalyst for MCRs [78] .
Wang et al. [54] studied the synthesis of phthalazine moiety containing nitrogen heterocycles, since they have taken increased attention because of their biological and pharmacological activities including anticonvulsant, vasorelexant and cardiotonic properties. They preferred MCR of phthalhydrazide, an aldehyde, and dimedone to give 2H-indazolo[2,1-b]phthalazinetriones ( Figure 17 ). They used ChCl-pTSA (1:1 molar ratio) as Brønsted acid type DES in the one-pot synthesis of 2H-indazolo[2,1-b] phthalazine-trione derivatives. For this MCR system, the authors tested different reaction media such as, water, methanol, ethanol, acetonitrile, and toluene. DES was added as 5-20% (molar amount) as catalyst. According to the results, ethanol and methanol were reported to give good yields while water was found to be poor in this aspect. This phenomenon was related with the solubility of DES in polar solvents providing homogeneous reaction medium. The optimum catalyst amount was reported as 15 mol% of ChCl-pTSA (1:1) in methanol. A number of substituted aromatic aldehydes tested also provided good yields.
Another case of the use of various kinds of DESs as catalyst is the MCR is the synthesis of imidazo [1,2-a] pyridines by Groebke reaction [79] (Figure 18 ). The three-component reaction of 2-aminopyridine, aromatic aldehydes and cyclohexyl isocynaide was investigated in the presence of ChCl based DESs; without using [54] for detailed reaction components and conditions. a catalyst. The role of ChCl-U (1:2), ChCl-SnCl 2 (1:2), ChCl-ZnCl 2 (1:2), ChCl-LaCl 3 -6H 2 O (1:2), ChCl-pTSA (1:1) and ChCl-Gly (1:2) as solvent and also catalyst in the model reaction of benzaldehyde, 2-aminopyridine and cyclohexylisocyanide was investigated. ChCl-U was selected as the most effective media for the synthesis of the target product. When the media was used for the synthesis of imidazo[1,2-a] pyridine derivatives, high yields were obtained with many kind of different functional groups at the aromatic group, including Cl, OMe, Me and OH. On the other hand, some aldehyde derivatives such as 4-methoxy benzaldehyde, was resulted in moderate yield values likely because of the negative charge induced on the carbon atom that is bonded to aldehyde group. The authors proposed a mechanism for the catalyst effect of the DES. Urea is known to be responsible for the activation of C=O bond through hydrogen bonding. Therefore DES is proposed to facilitate the formation of imine intermediate by the nucluophilic addition of amine and also for isocyanide nucleophilic attack. The resulting imine intermediate and the cyclohexyl isocyanide are combined by cycloaddition reaction and bicyclic adduct is formed. Then a rearrangement on 1,3-H shift gives the final product, imidazo[1,2-a] pyridine.
The reusability tests of ChCl-U provided satisfactory results, with at least four runs conserving the activity. The advantages of the developed green method were reported as the easy purification, biodegradable solvent and also easy methodology.
The discovery of cromakalim, which is a typical ATP_sensitive potassium channel opener, has gained much attention for the synthesis of benzo[b]pyran and their derivatives. The conventional synthesis for 4H-benzo [b] pyrans includes the use of organic solvents such as DMF, DMSO, acetonitrile, and etc. Azizi et al.'s [80] aim was to report an eco-friendly MCR to synthesize benzopyran and benzopyrane derivatives using one-pot three component reactions of 1,3-dicarbonyl compounds, aldehydes and malononitrile in DESs (Figure 19 ). They prepared different Brønsted acid type DESs such as ChCl-malonic acid (1:2), ChCl-citric acid (1:1), ChCl-tartaric acid (1:0.5), and also ChCl-U (1:2), ChCl-glycine (1:2), ChCl-LaCl 3 (lanthanum chloride) (1:2). The model reaction included benzaldehyde (1 mmol), malononitrile (1 mmol), dimedone (1 mmol) and DESs. Equimolar reactants in DES at 80°C and 60 min, provided 95% yield. The highest yield was obtained in ChCl-U (1:2). Additionally, various substituted aromatic and hetero aromatic aldehydes were tested and good to excellent yield values were reported. The authors stated that the role of DES was unclear as a catalyst. On the other hand, they claimed that hydrogen bonding and also basic character of urea were the primary factors for the selectivity and also reactivity in the process. They suggested that substrate-solvent complex formed between urea and carbonyl groups. Then, arylidene malononitrile formed and nucleophilic addition of enolizable ethylacetoacetate to arylidene malononitrile occurred. The resulting species were cyclized to produce 4H-pyran derivatives.
Azizi et al. [81] reported another multicomponent reaction system using similar DESs to their previous work. They studied the synthesis of spirooxindole derivatives by one-pot MCR system using DESs (Figure 20) . Having a quaternary carbon center, spirooxindoles are significant molecules and are found in many phytochemicals. The authors aimed to present a green and also economical route for the synthesis. They used isatin or acenaphthoquinone, and malononitrile (2) having active methylene compounds (3a-e) in ChCl-U without catalyst. Using 80°C as the optimum temperature, they obtained 95% yield for the reaction using ChCl-U (1:2). Other DESs tested such as ChCl-pTSA (1:2), and ChCl-malonic acid (1:1 molar ratio) provided lower yields (38-76%). They reported that DES played both solvent and catalysis role in the reaction.
Sulfoxides are critical midproducts for the synthesis of biologically active biomolecules. The common way to synthesize sulfoxides are the oxidation of sulfides [82] . The key point on this oxidation process is to prevent overoxidation of sulfoxides to sulfones. Therefore, selective oxidation has a great importance on this reaction. The drawbacks of the methods currently used are the complex catalytic systems [83, 84] , high demand for the oxidant or catalyst [85, 86] and poor yield and also poor selectivity values. On the other hand, hydrogen peroxide has also been studied as an environmentally friendly and cheap oxidant for the oxidation of sulfides however; the activation of hydrogen peroxide is reported as bottleneck that results in the slow rate of reaction. Dai et al. [87] claimed that DES could activate hydrogen peroxide through hydrogen bonding. Among the different DESs (ChCl-U (1:2), ChCl-malonic acid (1:2), ChCl-glycerol (1:2), ChCl-hexafluoroisopropanol (1:1.5 molar ratio), ChCl-pTSA(1:1), ChCl-pTSA as a Brønsted acid type DES was chosen as the superlative catalyst to provide the highest yield (89%) for the model reaction conducted with benzyl phenyl sulfide, containing ethanol as organic solvent (Figure 21 ). They claimed that DES formed a strong hydrogen bond with hydrogen peroxide and increased the electrophilicity of one of the peroxy oxygen atoms of hydrogen peroxide. Moreover, prevention of the further oxidation of sulfoxide was claimed to occur by the hydrogen bond between catalyst and oxygen of sulfoxides that decreased the nucleophilic character of the sulfur atom of sulfoxides. As a result of the study, they reported broad substrate compatibility, high yield and selectivity values, and the advantage of the gram-scale synthesis. On the other hand recyclability of DES was also reported as one of the major advantages of the process.
Musale and Shukla [41] studied the ChCl-ZnCl 2 (1:1 to 1:3 molar ratio) and ChCl-U (1:2 molar ratio) on the aminolytic depolymerization of PET bottle waste (Figure 22 ). The reaction was started by using diethanolamine and ethanolamine. The products were N1,N1,N4,N4-tetrakis (2-hydroxyethyl)-terephthalamide (THETA), terephthalic acid (TPA), and bis (2-hydroxy ethylene) terephthalamide (BHETA). ChCl-ZnCl 2 provided higher yield for the products when compared to ChCl-U (1:2) as catalyst. When reaction time was prolonged, the yield of products were found to increase. On the other hand, the yield was found to increase instantly when the catalyst was increased to 5%. Additionally, in the presence of DES, PET was reported to pass into solution more quickly from solid phase. THETA -TPA and BHETA yields were reported as 82.83 and 95% respectively. DESs; especially, ChCl-ZnCl 2 (2:1 molar ratio) provided higher yield of all the three products. The authors reported that DESs showed efficient catalyst performance. The reason was reported as the high rate of dissolution of PET in DESs.
As also mentioned above, liquid inorganic acids are needed as catalyst for the esterification reactions. However, they have disadvantages such as corrosivity, reusability and also harsh reaction conditions. Lee et al. [88] studied the esterification reaction of palmitic acid and methanol using DESs both as solvent and catalyst to overcome the disadvantages (Figure 23 ). They tested various DESs such as; ChCl-U (1:2), ChCl-EG (1:2), ChCl-G (1:2), and also Brønsted acid type DESs such as ChClmalonic acid (1:1), tetramethyl ammonium chlorideoxalic acid (1:2), tetramethyl ammonium chloride-acetic acid (1:2), lactic acid-D-glucose (5:1). The authors proposed a mechanism for the process. The ammonium ion in the DES structure is proposed to loose proton, and it is moved to the oxygen that belongs to the carbonyl moiety palmitic acid. Palmitic acid acts as a nucleophilic reagent and therefore supports the strike of methanol. Accordingly, methyl palmitate and methanol are formed via the new bond between the carbonyl carbon and oxygen of the hydroxyl moiety connected to methanol. On the other hand, in the second mechanism acetic acid of the DES looses proton and it is moved to the oxygen on the carbonyl moiety of palmitic acid. Lee et al. [88] reported the most convenient DES as tetrabutyl ammonium chloride and acetic acid (1:2), and the optimum ratio of starting materials to DES ratio was reported as 1:0.5 (v/v). Additionally, the optimum reaction conditions were reported as methanol / palmitic acid 10:1 (mol/mol), and the reaction time was 1 h at 60°C. High yield value was achieved as 94.3% under the optimized conditions. N-phenylphthalimide and its derivatives are significant molecules that are anticonvulsant [89] and anti-inflammatory [90, 91] . Some derivatives also have growth stimulation effect for plants [92, 93] and also some for tuberculosis therapy. Additionally, some are utilized in polymer and synthetic chemistry [94, 95] . The disadvantage of the current processes were reported as the utilization of acids, organic solvents and hazardous catalysts and long reaction times. Lobo et al. [96] aimed to develop low-cost and environmentally friendly synthesis route for the preparation of N-aryl phtalimide derivatives (Figure 24) . They tested glycerol, and ChCl-U (2:1), and also Brønsted acidic ChCl-malonic acid on the synthesis of N-phenylphthalimide from phthalic anhydride and aniline. ChCl-malonic acid (1:1) was reported to be an efficient catalyst; on the other hand, glycerol and also ChCl-U DES functioned as both solvent and catalyst. They reported moderate to high yield values and high recyclability of DESs. The highest yield obtained for the reaction of phtalic anhydride with aniline was 84% using methanol as solvent, and ChClmalonic acid as catalyst at 65°C. They also stated that DES preserved its original form when 30% diluted as a result of 1H NMR spectra.
Apart from organic synthesis, DESs are also investigated as catalyst concurrently co-solvent in the liquefaction of biomass. Although ionic liquids were researched and used in this process previously, many disadvantages were reported on the cost, prolonged time and the employment of evaporable solvents. Alhassan et al. [97] studied on the use of DESs as catalyst on the hydrothermal liquefaction of de-oiled Jatropha curcas cake biomass and also co-solvents for selective extraction. For this aim, ChCl-KOH (1:4), ChCl-glycerol (1:3), Brønsted acid type DES ChCl-pTSA (1:4), and Lewis acid type DES ChCl-FeCl 3 (1:3) were prepared. They reported that highest bio-crude yields (43.53 %wt) were obtained using ChCl-KOH.
As a general result, higher yields were obtained using ChCl-HBD (KOH, pTSA and glycerol) than (ChCl-FeCl 3 ). The favorization of ChCl-HBD DES on the reported process was proposed.
The pyrrole nucleus is a significant heterocycle that is present in numerous agrochemical and pharmaceutical products [98] . Numerous pyrollecomprising compounds have a potential biological [96] for detailed reaction components and conditions. activity [99, 100] . On the other hand, the compounds derived from pyrolle have significant role in materials science [101] . Therefore, the synthesis has been studied using many strategies; such as, Hantzsch, Paal-Knorr and Clauson-Kaas reactions.
MCRs are successfully used for the synthesis of substituted and functionalized pyrrole derivatives from simple molecules [102] . However, due to prolonged reactions, insufficient yield of products and laborious procedures, new efforts have been made for a simple and efficient method to enhance the conversion. The motivation of Hu et al. [38] was the construction of N-protected functionalized pyrroles using MCR in shorter times by presenting an alternative way to conventional MCR media (Figure 25 ). For this aim, they investigated the reaction of amines, aldeyhdes, 1,3-dicarbonyl compounds and nitromethane using different DESs such as ChCl with the combination of urea, L-(+)-tartaric acid (2:1 molar ratio), citric acid (2:1), oxalic acid (1:1), FeCl 3 (1:2), ZnBr 2 (1:2), itaconic acid (1:1), fumaric acid (1:1), malic acid (1:1), succinic acid (1:1), malonic acid (1:1). It was reported that MCR could proceed in nearly all of the media tested. The highest yield (88%) was obtained using ChCl-malonic acid (1:1 molar ratio) in the MCR of 4-chloro benzaldehyde, aniline, acetlyacetone, nitromethane. The variety in the yields obtained with different DESs were attributed to the different acidic characteristics of the DESs used. The large scale synthesis was also found to be applicable with high yield value of 89%. The investigation on the use of DES to a broader range of substrates showed that a wide range of anilines, aldehydes, and 1,3-dicarbonyl compounds could undergo the reaction.
Shaabani and Hooshman [78] utilised urea-metaland organic based ChCl DES/organocatalysts on the synthesis of 3-aminoimidazo-fused heterocycles using one pot domino reaction of an aldehyde, an isocyanide and 2-aminoheterocycles. ChCl-U (1:2) and DESs such as ChCl-malonic acid (1:1), ChCl-citric acid (2:1), ChCl-pTSA (1:1), ChCl-ZnCl 2 (1:2) and ChCl-SnCl 2 (1:2) on GBB three component domino reactions. ChCl-U (1:2) was found to provide the highest yield in the model reaction, therefore used for further investigations. The authors reported that 2-aminoazine derivatives could be successfully used in the reactions with high yields (80-90%), and short reaction times under the catalysis of ChCl-U. Synthesized DESs could also be used several times without any significant loss in the activity.
Apart from the studies presenting the Lewis acid type or Brønsted acid type catalyst effect of DESs, Shaibuna et al. [103] introduced three new DES types, showing both Lewis acidity and Brønsted type acidity. The authors prepared Type IV DESs that are composed of a metal chloride hydrate that is ZrOCl 2 ⋅8H 2 O (Zr) and used urea, ethylene glycol or glycerol as HBDs. They tested different molar combinations of the components and selected Zr-U (1:5), Zr-EG (1:2) and Zr-EG (1:2) as stable DESs to be furtherly used in the reactions. The acidity of DESs were determined by the combined use of both FTIR and pH. According to the results, Zr-U was found to have both Lewis acid site and Brønsted acid site, while the other two had only slight Brønsted acid site. These new DESs were reported to miscible with protic solvents such as MeOH, EtOH and water; while immiscible with aprotic solvents such as toluene, hexane and ethyl acetate. The Paal-Knorr reaction was performed using aniline (1 mmol) and 2,5-hexanedione (1 mmol) as the model reaction and 93% yield was achieved at the optimum conditions (1 mmol Zr-U, 5 min, room temperature) ( Figure 26 ). The authors also tested the Zr-U as catalyst for a variety of amines including both aliphatic and aromatic amines and obtained 93-98% pyrrole yields. The yield value of 88% in the reaction between 2-aminopyridine, a heteroaromatic amine, and 2,5-hexanedione additionally showed the effectiveness of Zr-U as a catalyst.
The authors proposed a mechanism for the catalytic activity of Zr-U. Accordingly, DES interacted with the oxygen atom of the carbonyl group in 2,5-hexanedione and produced a hydrogen bonded activated complex. The amino group of the aniline was proposed to attack the complex forming an adduct. The NH group of the adduct attacked second carbonyl carbon causing the loss of two water molecules and finally pyrrole was formed and DES was regenerated as catalyst. The result of the recyclability of the DES showed that it could be used four times without a crucial loss in the activity.
Conclusions and outlook
With the increasing consciousness of the environmental issues, researchers exhibited great effort to replace toxic constituents with less or non-toxic ones. Ionic liquids being the pioneer in this field had taken great attention and found many successful applications in many different areas. Later on, by the presentation of deep eutectic solvents, the comparative studies showed that DESs had a major superiority in many aspects such as non-toxicity, easy and low-cost preparation opportunity. DESs were used successfully in various areas such as metal processing, extraction, organic synthesis and biotransformations. The role of DES in most of these applications was a solvent or co-solvent, incorporating the advantages of high solubility of the substituents, non-vaporisation and easy handling. Recently, an additional role of DESs showed up, as a catalyst in diverse type of reactions. Acid type catalysis including Lewis and Brønsted type acids were the irrevocable catalysts for most of the organic reactions. Based on the tuning of the characteristics of DESs, such as unlimited combinations of HBAs and HBDs, researchers synthesized DESs including Lewis acids or Brønsted acids possessing different catalytic activity. The use of DESs as acid catalyst has several advantages such as the utilisation at stoichiometric amount, non-toxicity, possibility of the recovery, similar or higher catalytic effect than the acid itself alone, the recyclability and reusability without a significant loss of activity. Therefore, DESs can readily be regarded as alternative catalysts to conventional ones.
This mini-review provides a site of some of the most recent applications of Lewis and Brønsted type DESs as catalysts in various types of reactions including esterification, organic synthesis, glycolysis, depolymerisation, etc. In spite of a limited number of studies reviewed here, we consider that both Lewis and Brønsted acid type DESs can efficiently be used in a plenty of synthesis reactions. Although their role as catalyst has not been fully defined yet, some mechanisms were proposed, mostly being related with the H-bonding character of DESs. Therefore, more endeavour is required to enhance the utilization of DESs in catalysis. Dual functionality of DESs as solvent and also as catalyst will provide them an excellent range of usage in future.
